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Introduction
As the readers of Gold Bulletin know gold is a unique element.
It has been present in man's life since the earliest civilisations
and has occupied an important place in the history of
mankind for over 7000 years, as we can see from the excellent
goldsmith works found, for instance, in the Minoic, Egyptian or
South American tombs. Its chemistry is also different to that
of the other metals, and main differences are the
consequence of the relativistic effects, which are especially
important for gold.
a) There is a contraction of the 6s orbitals and this
stabilisation explains the great stability of the metallic
state and the ease of formation of the auride anion.
b) The 5d orbitals undergo an expansion and this
destabilisation leads to the efficient formation of the (III)
oxidation state in gold, or even higher oxidation states.
c) Other consequence of these relativistic effects is the
colour of gold. Gold has an absorption beginning at 2.4
eV, attributed to a transition from the filled 5d band to the
Fermi level (essentially the 6s band). It therefore reflects
red and yellow light and strongly absorbs blue and violet.
d) The covalent radius of gold is smaller than of silver, in
about 0.09(1) Å, as it has been recently confirmed in the
isomorphous two-coordinated complexes [M(PMes3)2]BF4
(M = Ag, Au; Mes = mesithyl) (1).
e) The closed shell 5d10 is no longer chemically inert and
can interact with other elements, i.e., with other gold
atoms in molecules or clusters. It also becomes possible
to rationalise bonding between two gold(I) centres with
equal charge and a closed shell 5d10 configuration,
which is a difficult fact to explain in terms of classical
bonding. Gold(I) centres try to be as close as possible to
each other and generally the Au-Au distances (between
2.7 and 3.3 Å) are even shorter than the ones found in
metallic gold. This effect has been called aurophillic
attraction or aurophilicity (2) by Schmidbaur.
Theoretical calculations, including relativistic effects, have
played a key role in understanding this unique behaviour and
the development of gold chemistry. These calculations have
shown that bonding between closed-shell metal centres may
be strongly enhanced by the relativistic effects (3,4), and
aurophilicity was accepted as a logical consequence of these
contributions.
All these factors have contributed to a continuous
expansion of gold chemistry, mainly since the early 1980s;
not only well-established areas of research have developed
but also new innovative approaches have allowed a great
diversification of the research interests. We include in this
micro-review some highlights in gold chemistry published
during the last two decades.
High oxidation states
In oxidation states higher than III, we know of a few examples
with very electronegative ligands. The yellow crystalline AuF7
is prepared by disproportionation of AuF6 (obtained by
oxidation of AuF5 with fluorine) and can be isolated at -196°C
(5). The pentafluoride AuF5 is formed by vacuum pyrolisis of
either [KrF][AuF6] or [O2][AuF6] (6). The crystal structure reveals
that AuF5 exists as a dimer in the solid state (7). Salts of [AuF6]-
with different cations, including Ag+, are also known (8).
The evidence for the existence of the oxidation state IV is
not yet totally convincing. Some complexes with dithiolene
or dithiolate, such as [Au(5,6-dihydro-1,4-dithiin-2,3-
dithiolate)2] (9) or [Au(2,3-dithiophenedithiolate)2] (10), have
been prepared by chemical or electrochemical oxidation of
the corresponding gold(III) derivatives. However, the
molecular orbital calculations suggest that the metal ions of
the molecules are best described as Au(III), and therefore the
unpaired electron is delocalised on the ligands.
Gold(III) complexes
Gold(III) gives stable complexes with N, S, P, C donor ligands
and also with oxygen-based ligands. The geometry is
generally square planar but with bidentate ligands a pseudo-
pentacoordination can be achieved. Some relevant
contributions in this field are:
The synthesis of dinuclear ylide complexes, such as
[Au2X4{(CH2)2PR2}2] (X = Cl, Br, I; R = Me, Ph) or
[Au2X3(CH2X){(CH2)2PR2}2], by oxidation with two equivalents of
halogens or thionyl chloride, of the corresponding gold(I)
derivatives; that leads generally to the trans, trans-isomer (1), but
also the cis, trans- and cis, cis-derivatives (2) have been reported
(11, 12). Also complexes with an halogen bridging ligand, such as
[Au2Br2(μ-Br)){(CH2)2PPh2}2]IBr2 (3) have been obtained (12).
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Box 1. Gold(III) ylide complexes
Box 2. Gold(III) methanide (R = C6F5) and cycloaurated
complexes
The reaction of cis-[Au(C6F5)2{(PPh2)2CH2}]ClO4 with NaH
causes deprotonation of the methylene group and formation of
[Au(C6F5)2{(PPh2)2CH2}]. This (phosphino)methanide complex























































gold(I) derivatives to form di- or trinuclear complexes. The use
of acetylacetonate complexes allows the double deprotonation
of the methylene group and the coordination of two gold(I)
centres to the methanediide C atom, as in [Au(C6F5)2{PPh2C
(AuPPh3)2PPh2}]ClO4 (4) (13). In [Au(C6F5)2Cl{PPh2C(=CH2)PPh2}],
the coordination of the vinylidenebis(diphenylphosphine) to the
gold(III) centre strongly activates the carbon-carbon double
bond, and this complex therefore, undergoes Michael-type
additions with several carbon, sulfur or oxygen based
nucleophiles to form a new type of methanide complexes (14),
as [Au(C6F5)2{PPh2C(CH2SPh)PPh2}] (5).
An important number of cycloaurated complexes have been
described during the last years. Most of the ligands that give this
type of compound are pyridine derivatives. The reaction of
[AuCl4]- with substituted pyridines (N,C) (15), such as
phenylpyridine or (alkylsulfanyl)pyridine, among others, at room
temperature yield the non-metallated compounds [AuCl3(N,C)],
which, upon heating, are transformed into the metallated
complexes [AuCl2(N,C)] (6). Some of these compounds have
been reported to show antitumor activity (16).
Gold(III) complexes with macrocyclic ligands are also of
interest. Bis(ethylenediamine)gold(III) chloride reacts with -
diketonates in aqueous base via a Schiff base condensation to
form complexes of gold(III) with a 14-membered macrocyclic
tetraza ligand (17). A new method for the incorporation of
gold(III) into porphyrins (7) has been described and consist of
the disproportionation of [Au(tht)2]BF4 in mild conditions
(18). Gold(III) porphyrins have been used as acceptors in
porphyrin diads and triads due to their ability to be easily
reduced, either chemically or photochemically (19).
Although the chemistry of phosphido-bridged transition
metal complexes is well represented, the corresponding gold
chemistry has only recently developed. The diphenylphosphino
derivatives [Au(C6F5)3(PPh2H)] or [Au(C6F5)2(PPh2H)2]ClO4 react
with acetylacetonate compounds to give polynuclear derivatives
with phosphido-bridged ligands (20), such as complex 8.
The treatment of Bu4N[AuBr(C6F5)3] with NaSH leads 
to the first (hydrosulfido)gold(III) compound
Bu4N[Au(C6F5)3(SH)], that readily reacts with [Au(C6F5)3(OEt2)]
to give Bu4N[{Au(C6F5)3}2(SH)] (9); the isolobal analogy
existing between hydrogen and the fragments [AuPR3]+ or
[AgPR3]+ can be envisaged in the synthesis of the substituted
derivatives Bu4N[Au(C6F5)3(SMPPh3)] (M = Au, Ag) (21).
Polynuclear sulfur and selenium centred complexes have
been described by reaction of [X(AuPPh3)2] or [X{Au2(μ-
dppf)}] (dppf = bis(diphenylphosphino)ferrocene, X = S, Se)
with gold(III) complexes. The complexes thus obtained, as
10, have the sulfur or selenium atoms as triply or quadruple
bridging ligands. Weak gold(I)-gold(III) interactions have
been observed in the triply bridging complexes and
theoretical studies show that although weaker than gold(I)-
gold(I) there exist gold(I)-gold(III) interactions (22).
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Box 3. Gold(III) porphyrin and phosphido-bridged complexes
Box 4. Gold(III) sulfur and selenium centred complexes 
(P-P = dppf, X = S, Se)
Some gold(III) derivatives as catalysts have been
employed, for example gold(III) halides have been used to
catalysed C-C and C-O coupling reactions (23)
Gold(II) complexes
The chemistry of paramagnetic mononuclear gold(II)
species is not very extensive because most of them are





































able to delocalise electron density, such as
dithiocarbamates, dithiolates, etc. However, the number of
complexes with gold in a formal oxidation state of two has
increased during the last decade. A precisely characterised
complex is the mononuclear [Au([9]aneS3)2](BF4)2 (11),
obtained by reduction of HAuCl4•3H2O with two equivalents
of [9]aneS3 in refluxing HBF4/MeOH. The gold centre is
surrounded by six sulfur atoms in an octahedral disposition,
with a Jahn-Teller distortion (24). The first metal-xenon
compound, [AuXe4](Sb2F11)2 (12) obtained by reduction of
AuX3 with elemental xenon deserves special mention.
Surprisingly the reaction stops at the Au(II) state and result in
a completely unexpected complex. The geometry of the
cation is square planar and the bonding between gold and
xenon is of the  donor type, with a charge of approximately
0.4 per xenon atom. Removal of gaseous xenon under
vacuum results in the crystallization of Au(SbF6)2 (25). By a
variation of the xenon pressure other Au(II)-Xe compounds,
such as cis-[AuXe2][Sb2F11]2 (13), have been isolated (26).
Relativity plays a large role in stabilizing this and other
predicted Au-Xe compounds; about half of the Au-Xe
bonding energy comes from relativistic effects (27).
Box 5. Mononuclear Gold(II) complexes
One of the reasons for the poor stability of gold(II)
complexes is the unfavourable energy of the odd electron.
The formation of a metal-metal bond in dinuclear gold(II)
complexes giving diamagnetic species provides extra stability.
A rich chemistry on dinuclear diamagnetic gold(II) derivatives
has been carried on bis(ylide) gold(II) species, [Au2X2(μ-
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a great variety of substitution reactions. Most of the dinuclear
gold(II) compounds are synthesised from the corresponding
gold(I) precursors by oxidative addition of a halogen. Some
examples of dinuclear gold(II) derivatives are in Box 6,
including a complex with a cyclometallated phosphine (15)
(29), and other without bridging ligands (16) (30).
Interesting results have been described in the oxidation of
the polynuclear [Au2{μ-(PPh2)2CHAu(C6F5)}2] or [Au2Pt(μ-
CH2PPh2S)2] with halogens (molar ratio 1:1). In the first case,
a new type of reaction occurs and complex 17, with an
almost lineal X-Au-Au-Au-X chain, was obtained (31). In the
second one, complex 18 was formed, with a lineal Cl-Au-Pt-
Au-Cl chain (32). The reaction of the gold(II) complexes
[Au2{μ-(CH2)2PR2}2R(tht)]+ or [Au2{μ-(CH2)2PR2}2R(OClO3)] (R =
C6F5, 2,4,6-C6F3H2) with Bu4N[AuR2] leads to the synthesis of
gold chain complexes, as 19 (33).
Gold(I) complexes
Gold(I) is by far the most studied oxidation state of this metal.
Although the [AuCl(CO)] complex has been known since
1925, only recently the linear dicarbonyl cation [Au(CO)2]+ has
been obtained as thermally stable UF6- or Sb2F11- salts, by
oxidation of metallic gold with UF6 or carbonilation of
[Au(SO3F)(CO)] in pure SbF5, respectively (34). In these
compounds back-bonding to CO is almost entirely absent.
The most striking phenomenon was the tendency of the
linear gold(I) compounds to associate in dimers, oligomers or
even polymers via short gold(I)-gold(I) interactions (35).
These attractions are weaker than most covalent or ionic
bonds, but stronger than other van der Waals and
comparable in strength to typical hydrogen bonds, ca. 33
kJ/mol. The most convincing example of aurophilicity is found
in polyaurated molecules. Double auration at halide anions to
give V-shaped cations with small angles, as complex 20, for
chloride and bromide is known (36). Oxide anions can accept
up to four gold atoms to give tetrahedral complexes (complex
21) (37). Sulfide, selenide and telluride anions can reach
coordination numbers from 2 to 6, and the resulting
complexes have structures clearly determined by Au-Au
interactions (as in 22, E = S or Se) (38). Nitrogen became
pentacoordinate (39), phosphorus hexacoordinate (40) and
arsenic tetracoordinate (41) in homoleptic phosphine species.
Carbon was one of the first examples of polyauration and
pentacoordinate and hexacoordinate compounds (as 23)
have been described (42). Other polyaurated complexes have
also been described with several ligands containing these
atoms, such as alkoxides, thiolates (43), selenolates, amines (as
complex 24) (44), methanides (45), borides (as complex 25)
(46), etc. Other examples of homo- (as 26) (47) or hetero-
polynuclear complexes (as 27) (48) have been reported.
The presence of this interatomic attractive force due to the
gold-gold interactions seems to determine, at least in part,
molecular configurations and crystal lattices of gold(I)
complexes. Some examples are the dinuclear (chloro)gold(I)
complexes of ditertiary phosphines of the type [Au2Cl2{μ-
(PPh2)2(CH2)n}] (n = 1-8). The crystal lattice for compounds
with n = 4 or 6 contain independent molecules which show no
intra- or inter-molecular Au...Au interactions. In contrast, the
structures of the related gold complexes with shorter or
longer chain diphosphines show intra- (n = 1) or




































































Box 6. Dinuclear Gold(II) complexes
Box 7. Polynuclear Gold(II) complexes
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dimers or polymeric chains (49). Analogous structures occur
in other diphosphine complexes of the type [AuCl2{μ-
(PPh2)2X}]. In the complex with X = (C=PMe3), the diphosphine
changes their ground state syn/anti orientation to a
symmetrical syn/syn conformation upon coordination to
gold(I). From temperature dependent NMR studies the energy
of the Au...Au interaction has been estimated to be in the
order of 29-33 kJ/mol (50). There are some examples, such as
[Au(py)2]+[AuX2]- (28), [Au(PPhMe2)2]+[Au(GeCl3)2]- or the
heteronuclear [Tl(bipy)]+[Au(C6F5)2]- (29), that form a chain of
four metal atoms, where unexpectedly the sequence of
formal charges is -++-, +--+ or +--+, respectively, which is clearly
a variance with the simple rules of Coulomb forces (51).
The self-assembly reaction of oligomeric digold(I)
diacetylides [{(AuCCCH2OC6H4)2X}n] with diphosphines
Ph2P(CH2)nPPh2 leads to the synthesis of organometallic
catenanes. Systematic investigations of this unusual reaction
have shown that the number of methylene spacer groups n
in the diphosphine and the nature of the hinge group X are
key factors in determining if the self-assembly will give a





































































































Box 8. Some examples of polyaurated Gold(I) complexes
Box 9. Two examples of Gold(I) complexes with interactions
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assembly (31), or a double braided [2]catenane by 4 + 4
assembly (52). Unsubstituted acetylene and polyines give
dinuclear gold acetylides, such as [Au2(CC)(PR3)2] (53).
Box 10. Ring and catenane Gold(I) complexes
Many gold(I) complexes are suspected of having optical
properties and consequently in the last years several reports
have dealt with luminescence in gold complexes. It has been
shown that the luminescence has its origin in the nature of the
ligands, in the geometry around the metal centre, and in the
presence of metal-metal interactions. In mononuclear gold(I)
complexes the luminescence has been associated with a
trigonal, non-centrosymmetric structure obtained either
through intermetallic interactions or three-coordination
associated with a metal centred (MC) pz→ds
phosphorescence (54). Other possible absorption modes, such
as ligand centred (LC) or ligand to metal charge transfer
(LMCT), are also observed depending upon the types of ligands
present. Many Au...Au bonded species show intense
photoluminescence in the UV/VIS region if investigated in the
solid state, although this effect may disappear in solution.
Some compounds, such as [Au2{S2CN(C5H11)2}2], interact in a
reversible way with volatile organic compounds (VOC) vapors
with a dramatic change in the color and a positive "switching
on" of luminescence (55). It has also demonstrated that
luminescence of gold complexes can be triggered by solvation
of the donor-free solid substrate either from the vapour phase
or by dissolving the material in a solvent. Bachman et al have
reported the construction of striking "rotator phases" of gold
complexes based solely on their metal-metal interactions (56).
The complexes [Au2{(PR2)2CH2}]2+ (R = Me, Ph, Cy) are
luminescent in the solid state and in solution, and the high
luminescent derivative with R = Ph can be used in light-
emitting diodes (57). The gold trimer [Au3(MeN=COMe)3]
displays the novel phenomenon termed solvo-luminescence.
After irradiation with near-uv light, crystals of this compound































the human eye for tens of seconds after cessation of
irradiation. Addition of dichloromethane of chloroform to
these previously irradiated crystals produces a bright burst of
light (58). For this phenomenon the solid state structure is
crucial and consists of individual molecules of Au3L3 which
aggregate to form columnar stacks through Au...Au
interactions. Other similar complexes, such as
[Au3(PhCH2N=COMe)3] or [Au3(N=C5H4)3], do not associate into
trigonal prismatic array and do not display solvoluminiscence
(59). The light sensitivity of some gold compounds has
permitted the study of an important number of
photochemical reactions (60).
In this area an important work has been developed in gold-
heterometal complexes (Cu, Ag, Tl, Ir, etc) (61). The reaction of
basic/donor gold(I) complexes with acid/acceptor complexes
gives acid-basic or acceptor-donor derivatives. Thus the
treatment of the aurate(I) salts [AuR2]- (R = C6F5, C6F3H2, C6Cl5)
with silver(I) or thallium salts (in the presence of a ligand L)
affords yellow or orange polymers of the type [R2Au(μ-
AgL)2AuR2]∞ or [R2AuTl]∞ (32). Some or them have solid-state
structures that permit reversible interactions and related
colour changes with a variety of vapour organic compounds
(62). In a similar reaction the trinuclear complexes [Au3(p-
MeC6H4N=OEt)3] and [Au3(bzim)3] (bzim = 1-
benzylimidazolate), which are colorless, can produce brightly
colored materials by sandwiching bare Ag+ or Tl+ ions from
linear-chain complexes (33, M = Ag, Tl) with luminescence
properties as luminescence thermochromism (63). Other
heteronuclear compounds which present Au(I)...M interactions
are well represented in the area of metal carbonyl clusters. The
addition of a [AuPR3]+ or [Au2(μ-P-P)]2+ fragments to a metal
cluster results in the formation of Au-M bonds (complex 34),
often with retention of the cluster framework (64).
Some gold hydrides have been described (65). Recent
ground-breaking solid-matrix investigations have provided
the first experimental evidence for (H2)AuH (66). Complexes
with bridging hydride ligands can be prepared by reacting
the electrophilic fragment [AuPR3]+ and complexes with
terminal M-H bonds (as complexes 34 or 35) (67).
An example of a complex with a formal Au(I)-Au(III) bond
is [{Au2{μ-(CH2)2PPh2}2Au(C6F5)3] (36), which has been
obtained by reaction of [Au2{μ-(CH2)2PPh2}2] with
[Au(C6F5)3(OEt2)] (68).
Clusters and gold(0) complexes
There is an important class of gold compounds in which the
formal oxidation state is between 0 and +1. They can be
homo- or hetero-nuclear compounds, for which excellent
reviews have been published recently (57). The nuclearity of
structurally characterised homonuclear clusters goes from 4
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(some examples of tetra-, as [Au4{(PPh2)2C2B9H10}2L2] (37), or
hexa-nuclear complexes, as [(H12B10Au)(μ-AuPEt3)4(AuB10H12)] (38)
are collected in box 12 (69)) to 39, as the complex
[Au39Cl6(PPh3)14]Cl2 (39), which has a structure related to a
hexagonal packed geometry with a 1:9:9:1:9:9:1 individual
layers of gold atoms (box 12) (70). A great effort has been
carried out in the characterisation of the cluster [Au55Cl6(PPh3)12],
obtained by reduction of [AuCl(PPh3)] with B2H6 (71).
A large number of mixed metal-gold clusters are known,
the metal can vary from an early transition metal, to the
platinum group or coinage metals. With coinage metals we
must highlight deserves. a novel series of Au-Ag supraclusters
whose metal frameworks are based on vertex-sharing
polyicosahedron. In the structure of these compounds, the
basic building block is the 13-metal atom (Au7Ag6) icosahedra.
The first member of this series is the 25-metal-atom cluster
[(Ph3P)19Au13Ag12Br8]+ (40), obtained by reduction of a mixture
of [AuX(PR3)] and [AgX(PR3)] with NaBH4 (72). Mixed gold-
platinum group metal complexes are numerous, amongst
them the reactivity of the clusters [M(AuPPh3)8]2+ (M = Pd, Pt)
(41), synthesised by reduction of mixtures of [M(PPh3)4] and
[Au(NO3)(PPh3)], has been thoroughly studied (73).
Monomeric zerovalent gold complexes are rare. Recently































































































Box 11. Some examples of gold(I)-heterometal complexes
























































(39. Layers of the cluster [Au39Cl6(PPh3)14]Cl2)
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silacalix[n]phosphinine ligands has allowed the synthesis of
gold(0) derivatives (74). These ligands possess an adequate
balance between -donating and -accepting properties
and then can act as macrocyclic equivalent of carbonyl
groups. The reaction of these macrocycles with [AuCl(SMe2)]
in the presence of GaCl3 yields the complexes [AuL][GaCl4].
The electrochemical reduction of one of these derivatives
allows the synthesis of the gold(0) compound (42).
Gold(-I) compounds
Gold is unique among the transition metals in its ability to
form isolable non-metallic compounds that contain a
monoatomic anion. The metal aurides RbAu and CsAu have
been known for about half a century, but (NMe4)Au (the first
compound with a non-metal cation), the ternary auride
oxides M3AuO (M = K, Rb, Cs) and the aurideaurates Rb5Au3O2
and M7Au5O2 (M = Rb, Cs) have only recently been discovered
(75). The gold atoms in CsAu·NH3 are shifted towards each
other forming zig-zag chains with Au...Au separation of 3.02
Å. This "auridophilic attraction" takes place between d10s2
anions but surprisingly yields a similar distance as the
aurophilic attraction in d10 cations (76).
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